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Cross sections of projectile-like fragments in the reaction 19F + 66Zn in the
beam energy range of 3–6 MeV/nucleon
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Angular distributions of projectile-like fragments (PLFs) have been measured in the reaction 19F + 66Zn at
Elab = 61, 82, 92, and 109 MeV to understand their formation in the low energy domain ( <∼7 MeV nucleon).
In this energy range, maximum angular momentum ‘lmax’ in the reaction is lower than or close to the critical
or limiting angular momentum for complete fusion ‘llim(CF).’ The sum-rule model was modified to explain the
cross sections of PLFs in the present study. For the first time, the modified sum-rule model, with a competition of
incomplete fusion (ICF) reaction with complete fusion below llim(CF) reasonably reproduced the cross sections
of PLFs in the beam energy range of the present study. It was observed that the cross sections of lighter PLFs
fall more rapidly with decreasing beam energy compared to those of heavier PLFs, suggesting a change in the
reaction mechanism from heavier to lighter PLFs. Transfer probabilities for peripheral collisions were calculated
within the framework of a semiclassical formalism. The parameters of the nuclear potential required for the
calculation of transfer probability were obtained by fitting the elastic scattering data measured in the present
work. Calculated transfer probabilities were significantly lower compared to the corresponding experimental
values, suggesting a significant overlap of the projectile and the target nuclei in incomplete fusion reactions. The
present analysis showed that the overlap of the projectile and the target nuclei increases with increasing mass
transfer at a given beam energy and for a given PLF, overlap increases with increasing beam energy.
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I. INTRODUCTION

Reactions involving incomplete mass transfer have been
extensively studied in the past few decades. Such reactions may
broadly be divided into three categories, namely, quasi-elastic
transfer (QET) reactions, incomplete fusion (ICF) reactions,
and deep inelastic collision (DIC). Quasi-elastic transfer
reactions involve the transfer of only a few nucleons and are
characterized by narrow kinetic energy spectra of projectile-
like fragments (PLFs) peaking at optimum Q value (Qopt) [1].
The contribution from ICF reaction leads to a low energy
component in the kinetic energy spectra of PLFs [1–11].
Further, angular distribution of PLFs formed in ICF is forward
peaked whereas those of PLFs formed in the QET reaction
peak around the grazing angle [5]. In deep inelastic collision
(DIC), the projectile and the target nuclei stick together for
a sufficiently long time leading to a substantial dissipation
of initial kinetic energy. Thus, in the case of DIC, the low
energy tail in the kinetic energy spectra extends to the energy
corresponding to the Coulomb repulsion in the exit channel.
There is an exchange of nucleons between the colliding
reaction partners in DIC, whereas ICF reactions involve the
transfer of nucleons from a lighter to heavier reaction partner.
Contributions from these reactions have been observed to
vary depending on the projectile target combination and beam
energy. At higher beam energies, typically ∼10 MeV/nucleon
or more, all of these mechanisms contribute to the formation of
PLFs. At lower beam energies, QET and ICF mainly contribute
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to the formation of PLFs, particularly for the reaction systems
with large entrance channel mass asymmetry.

Several models such as the sum-rule model [1,2], overlap
model [12–15], break-up fusion model [16–18], and multistep
direct reaction theory [19] were proposed to explain these
reactions. Morgenstern et al. [20,21] correlated the probability
of incomplete fusion reaction to the entrance channel mass
asymmetry. However, none of these models could explain all
the features of incomplete fusion reactions and it continues
to be an active area of investigation [22–35]. Further, these
models hold good only at higher beam energies. For example
the sum-rule model successfully explained the cross section
of PLFs in several reactions [1,2,36] at a beam energy of
∼10 MeV/nucleon or more. However, it underestimates the
cross section of PLFs at lower beam energies. According
to this model, various transfer channels are localized in
successive angular momentum windows beyond lcrit at which
the pocket in the entrance channel potential for complete fusion
vanishes. However, significant cross sections for the lighter
PLFs, formed after large mass transfer, have been observed
at lower beam energies which need to be explained. Brondi
et al. modified the sum-rule model to explain the contribution
from DIC along with ICF in the reaction 19F + 56Fe [4].
Measurement of cross sections of PLFs in the reaction
19F + 89Y as a function of beam energy showed that the
cross sections of lighter PLFs decrease more rapidly with
decreasing beam energy compared to those of heavier PLFs
[35]. This observation was attributed to the requirement of
significant overlap of the projectile and the target nuclei in
reactions involving large mass transfer. Measurement of γ -ray
multiplicity in coincidence with PLFs [37–39], and isomeric
cross section ratio [40] also showed that the ICF reactions start
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competing with the complete fusion at l-values lower than
lcrit.

In order to understand the mechanism of formation of PLFs
in an ICF reaction at lower beam energies, angular distributions
of PLFs have been measured in the reaction 19F + 66Zn at
Elab = 61, 82, 92, and 109 MeV. Angular distributions of
PLFs were integrated to obtain their formation cross sections.
Experimental cross sections of PLFs have been compared
with those calculated using the sum-rule model [1,2]. Elastic
scattering measurements were also carried out at similar
beam energies. Elastic scattering data were used to calculate
transfer probabilities for different transfer channels using
a semiclassical formalism [41–45] which explains transfer
reactions in terms of peripheral collisions. A variation in the
transfer probability with beam energy for different channels,
measured in the present study, has been compared with that
observed in the reaction 19F + 89Y [35].

II. EXPERIMENTAL DETAILS

Experiments were carried out at BARC-TIFR Pelletron ac-
celerator, Mumbai, India. A self-supporting target of enriched
(>99%) 66Zn of thickness 2 mg/cm2 was mounted at the
center of a scattering chamber of 1 m diameter. The target
was bombarded with 19F beam at energies of 65, 85, 95, and
112 MeV. Due to the degradation, average beam energies (Elab)
in the target were 61, 82, 92, and 109 MeV, respectively.
Projectile-like fragments (PLFs) and scattered beam particles
were detected using two silicon detector based E-�E particle
identifier telescopes. The thickness of �E detectors was about
20 µm and that of E detectors was 1000 µm. Measurements
were carried out in the angular range of 12◦–65◦. A monitor
detector was kept at 15◦ to measure the elastically scattered
beam particles. The data of the monitor detector were used
to normalize the measured event rates in the telescopes for
the beam current and target thickness to obtain absolute
differential cross sections.

III. RESULTS AND DISCUSSION

The E-�E spectra of PLFs were transformed into particle
identifier spectra. A typical particle identifier spectrum ob-
tained in the reaction 19F + 66Zn at Elab = 109 MeV (θlab =
24◦) is shown in Fig. 1. Spectra of different projectile-like
fragments (PLFs) were projected on the energy axis to obtain
their kinetic energy spectra. Kinetic energy spectra of PLFs at
different angles were integrated to obtain their angular distri-
butions in the laboratory frame of reference. Kinetic energy
spectra of PLFs were transformed into the center of mass
(c.m.) frame of reference to determine their kinetic energies
in c.m. frame of reference. c.m. kinetic energies of PLFs
were used to transform their laboratory angular distributions
in the c.m. frame of reference. Angular distributions of PLFs
(ZPLF = 3–8) at Elab = 61, 82, 92, and 109 MeV are shown
in Figs. 2(a)–2(d). Error bars on the data are due to counting
statistics. Apart from the error due to the counting statistics,
the systematic error on the differential cross sections is of the
order of 10%, which is mainly due to the uncertainty in the
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FIG. 1. A typical particle identifier spectrum in the reaction 19F +
66Zn (Elab = 109 MeV; θlab = 24◦). Bands due to different PLFs are
marked in this figure.

solid angles subtended by the monitor and telescope detectors.
It can be seen from these figures that angular distributions
of PLFs become more forward peaked with their decreasing
proton number (ZPLF). Angular distribution of PLFs such as O
and N, having Z close to that of the projectile, tend to peak near
the grazing angle, as observed usually for reactions involving
the transfer a few nucleons at beam energies not much
above the entrance channel Coulomb barrier. These observa-
tions indicate a progressive change in the reaction mechanism
with increasing deviation of ZPLF from that of the projectile.
With an increase in beam energy, angular distributions of all the
PLFs become forward peaked. Forward peaking of the angular
distributions, ahead of the grazing angle, indicates a significant
contribution from nuclear interaction in the formation of PLFs.
This, in turn, indicates a large overlap of the projectile and the
target nuclei in incomplete fusion reactions.

Plots of ‘2π sin θc.m. dσ/d�’ versus θc.m. were subjected to
Gaussian fitting with weight of the error on the individual data
points. In the fitting process, centroid, width, and area under
the Gaussian curve were kept as free parameters. The fitted
curves were integrated to obtain the cross sections of PLFs,
which are shown as a function of beam energy in Fig. 3. The
uncertainty quoted on the cross sections is due to the error on
the fitted area. It can be seen from this figure that the cross
sections of lighter PLFs decrease sharply compared to those of
heavier PLFs with decreasing beam energy. This observation is
consistent with that observed in our earlier study of the reaction
19F + 89Y [35]. The rapid fall in the cross section of lighter
PLFs can be qualitatively explained by assuming that they are
predominantly formed in the collision trajectories involving a
large overlap of the projectile and the target nuclei. For a given
impact parameter or degree of overlap between the projectile
and the target nuclei, the angular momentum increases with
increasing beam energy. Thus, collision trajectories involving
a large overlap of the projectile and the target nuclei may
lead to an incomplete fusion reaction at higher beam energies,
which will otherwise lead to complete fusion at lower beam
energies.

A. Sum-rule model calculations

Wilczynski et al. [1,2] developed the sum-rule model to
explain the cross section for complete fusion and incomplete
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FIG. 2. Center of mass angular distributions of projectile-like fragments (PLFs) with ZPLF = 3–8 in the reaction 19F + 66Zn at (a) Elab =
61 MeV, (b) Elab = 82 MeV, (c) Elab = 92 MeV, (d) Elab = 109 MeV. Dotted lines are fitted curves. The arrow marks the grazing angle at the
corresponding beam energy.
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FIG. 3. Cross sections of projectile-like fragments (PLFs) with
ZPLF = 3–8 in the reaction 19F + 66Zn as a function of beam energy
(Elab).

fusion reactions. This model explains incomplete fusion
reactions in terms of peripheral collisions. According to this
model, the cross section for a particular reaction channel ‘i’ is
given by the following equation:

σ (i) = πλ̄2
lmax∑
l=0

(2l + 1)
Tl(i)p(i)∑
j Tl(j )p(j )

, (1)

where λ̄ = h̄/
√

2 µE is the reduced wavelength at beam
energy E and µ is the reduced mass. p(i) is the probability for
the reaction channel ‘i’ and is proportional to e[Qgg (i)−QC (i)]/T ,
where Qgg(i) is the ground state Q value and QC(i) is the
change in Coulomb interaction energy due to the transfer
of charge for the reaction channel ‘i’ [46]. The transmission
coefficient Tl(i) is given by the following equation [1]:

Tl(i) =
[

1 + exp

(
l − llim(i)

�

)]−1

, (2)

where llim(i) is equal to ‘(AP /n)lcrit(i),’ lcrit(i) is the critical
angular momentum at which the pocket in the entrance
channel potential vanishes for the reaction channel ‘i’ [47],
Ap is the projectile mass number, and ‘n’ is the number of
transferred nucleons. The parameter ‘�’ is the diffuseness
of the l-distribution. Sum-rule model calculations involve
three parameters, namely, effective temperature T , critical
distance Rc, and diffuseness parameter � [1]. Wilczynski
et al. [1] obtained T = 3.5 MeV, Rc = 1.5(A1/3

P + A
1/3
T ),

and � = 1.7h̄ from the best fit to the experimental cross
sections of PLFs in the reaction 14N + 159Tb at Elab =
140 MeV. In the present calculations, Rc and � values have
been taken the same as used by Wilczynski et al. [1]. The
value of the effective temperature (T ) was varied to minimize
the chi-square between the calculated and the experimental
values. In the calculation of chi-square, the yield of ‘Be’ was
excluded as its experimental yield was underestimated due
to the break up of 8Be into two α particles. Calculated and
experimental cross sections of PLFs (ZPLF = 3–8) are shown
in Fig. 4. Effective temperature (T ) values corresponding
to the minimum chi-square are also shown in the figure. It
can be seen from this figure that the sum-rule calculations
grossly underestimate the cross sections of PLFs, particularly
at the lower three beam energies. Underestimation of the
cross section of PLFs by the sum-rule model is related to
the localization of different reaction channels in the angular
momentum space which is decided by quantities ‘p(i)’ and
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FIG. 5. Calculated transmission coefficients for transfer and
complete fusion (CF) channels for the reaction 19F + 66Zn. (a) Trans-
mission coefficients (Tl) calculated according to sum-rule model (b)
transmission coefficients (T ′

l ) calculated for Elab = 82 MeV using the
modified sum-rule model. The solid arrow marks the limiting angular
momentum for complete fusion ‘llim(CF)’ and dashed arrows mark the
maximum angular momentum ‘lmax’ corresponding to different beam
energies. Projectile-like fragments (PLFs) corresponding to different
transfer channels are also shown in the figures.

‘Tl(i)’ in Eq. (1). A plot of calculated Tl values for complete
fusion and other transfer channels in the reaction 19F + 66Zn
is shown in Fig. 5(a). The limiting angular momentum for
complete fusion llim(CF) and maximum angular momentum

corresponding to different beam energies are marked in this
figure. It can be seen from this figure that Tl values are
close to unity for all the reaction channels at lower l values.
However, due to the large value of p(i) for complete fusion,
the cross section for incomplete fusion becomes significant
only for the l-values, for which, the Tl values for complete
fusion become negligibly small. In order to illustrate the
effect of p(i), the overall probability for different reaction
channels ‘Tl(i)p(i)/

∑
j Tl(j )p(j ),’ was calculated using the

sum-rule model with T = 3.5 MeV, Rc = 1.5(A1/3
P + A

1/3
T ),

and � = 1.7h̄ [1,2]. Calculated reaction probabilities are
shown as a function of l after multiplication with ‘2l + 1’
in Fig. 6. Complete fusion (CF) and PLFs corresponding to
different transfer channels are marked in this figure. Cross
sections of N and C have been multiplied by a factor of 3 and
those of B, Be, and Li have been multiplied by a factor of 10 for
the clarity of the figure. Maximum angular momentum ‘lmax’
corresponding to different beam energies, and limiting angular
momentum for complete fusion ‘llim(CF)’ are also marked in
this figure. It can be seen from this figure that the complete
fusion channel extends beyond llim(CF) due the large value
of p(i) for complete fusion. A similar result was obtained
by Wilczynski et al. [1] in their calculation for the reaction
14N + 159Tb. Further, it can be seen from this figure that there
is no substantial cross section for PLFs, particularly for heavier
PLFs, below the lmax value corresponding to Elab = 92 MeV.
Therefore, sum-rule model cross sections for these PLFs are
not significant up to Elab = 92 MeV. At Elab = 109 MeV, lmax

is sufficiently high so that cross sections for heavier PLFs are
significantly increased. An increase in effective temperature T

reduces the effect of p(i) and brings sum-rule cross sections
further close to the experimental values at Elab = 109 MeV.
However, at lower beam energies, an increase in T is not
sufficient to explain the experimental cross sections of PLFs,
as different transfer channels are localized beyond lmax of the
reaction.

Observation of significant cross section for incomplete
fusion at lower beam energies suggests that the incomplete
fusion competes with complete fusion for collision trajectories
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with l < llim(CF). To account for this effect, Eq. (2) has been
modified to the following:

T ′
l (i) =

[
1 + exp

(
l − llim(i)

�

)]−1

(en l FT )−1, (3)

where n is the number of transferred nucleons and FT is a
variable parameter which was obtained by minimizing the chi-
square between the calculated and experimental cross sections
of PLFs. The dependence of T ′

l on the number of transferred
nucleons ‘n’ is decided by the parameter FT . With an increase
in the FT value, the decrease in T ′

l with increasing ‘n’ becomes
steeper. This results in a more rapid increase in the cross section
of PLFs with their increasing mass (or Z). The cross sections
of PLFs calculated using the modified T ′

l values are shown
in Fig. 4 as dashed lines. The parameter FT and effective
temperature T were varied to get the best agreement between
the calculated and experimental values as judged by the chi-
square. The values of FT and T are also shown in the figure.
It can be seen from this figure that the T values obtained
in modified sum-rule model calculations are lower compared
to those obtained in sum-rule model calculations. As modified
sum-rule model calculations allowed contribution from lower l

values to incomplete fusion, experimental cross sections of
PLFs were reasonably reproduced with comparatively lower
T values. The T values obtained in the modified sum-rule
model calculations vary more systematically with beam energy
compared to those obtained in sum-rule model calculations.

A typical plot of T ′
l values, calculated for Elab = 82 MeV,

is shown in Fig. 5(b). Due to the term (enlFT )−1, the trans-
mission coefficients for different transfer channels decrease
with increasing l. Further, the decrease in the transmission
coefficient becomes more rapid with increasing number of the
transferred nucleons. Thus, the net effect of the incorporation
of factor (enlFT )−1 is to provide a competition from incomplete
fusion reaction below llim(CF), which is otherwise absent in the
sum-rule model. FT values obtained at different beam energies
are plotted in Fig. 7. The rapid fall in the cross section of lighter
PLFs results in an increase in FT value with decreasing beam
energy. The present calculations suggest that the significant
cross section for incomplete fusion reaction at lower beam
energies can be explained by considering the contribution from
the collision trajectories with l < llim(CF).

B. Transfer probability from a semiclassical formalism

In order to obtain an approximate estimate of the degree
of overlap of the projectile and the target nuclei in incomplete
fusion reactions, transfer probabilities for different channels
were deduced from the c.m. angular distributions of PLFs
using a semiclassical formalism [41,42] which explains the
transfer reactions in terms of peripheral collisions. Differential
cross sections of PLFs and corresponding center of mass angles
(θc.m.) were transformed into ‘transfer probability (Ptr)’ and
‘distance of closest approach (D),’ respectively, using the
equations from Ref. [43]. Plots of ‘Ptr/sin(θc.m./2)’ versus
the distance of closest approach ‘D’ for different transfer
channels are shown in Fig. 8. It can be seen from this figure
that the transfer channels involving the emission of O and
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N are localized in the D space. At lower D values, transfer
probability falls as the overlap of the projectile and the target
nuclei leads to complete fusion, whereas at higher D values,
transfer probability for a given PLF falls because the overlap
of the projectile and the target nuclei is insufficient for the
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formation of that PLF. For lighter PLFs C and B, such a
localization is not seen at Elab = 109 MeV. Further, for Be
and Li such localization is absent at all the beam energies
of the present study. This observation suggests that, in the
formation of these PLFs, the dinuclear system survives for a
sufficiently long time to rotate before separation. This results in
a weakening of the correlation between the transfer probability
Ptr and emission angle θc.m.. In the present analysis, transfer
probabilities have been calculated for PLFs with ZPLF = 5–8
for comparison with the experimental values at Elab = 61, 82,
and 92 MeV.

According to the semiclassical formalism [41,42], transfer
probability corresponding to the distance of closest approach
‘D’ is given by the following equation:

Ptr(D)

sin(θc.m./2)
= Ptr(D0)e−2α(D−D0), (4)

where Ptr(D0) is a normalization constant [41,42]. D0 was
taken as 1.65(A1/3

p + A
1/3
T ) [45], where AP and AT are the

mass numbers of the projectile and the target, respectively. In
order to calculate the transfer probability, slope parameter ‘α’
was calculated using the expressions given in Refs. [43,48,49].
In present studies, masses of PLFs of a given Z were
not resolved, therefore, α values for three transfer channels
with positive or least negative Qgg values were calculated.
Calculated α values are given in Table I. Experimental α

values, obtained by fitting the transfer probabilities at D > D0

using Eq. (4), are also given in the table for comparison. It can
be seen from this table that the experimental values are much
lower compared to the calculated values.

In the studies by Nayak et al. [43], Biswas et al. [44],
and Sahu et al. [45], it was shown that it is necessary to
consider the contribution from nuclear interaction to explain
the experimental transfer probabilities in quasi-elastic transfer
reactions. Thus, the transfer probability (Ptr) is given by the

following equation:

Ptr(D) = Ptr(Dn)
σQE(Dn)

σT

+ Ptr(Dc)
σQE(Dc)

σT

, (5)

where Ptr(Dn)σQE(Dn) and Ptr(DC)σQE(Dc) represent the
transfer cross sections for the nuclear and Coulomb branches of
the classical deflection function and σT is the total cross section
[σT = σQE(Dn) + σQE(Dc)]. Dc and Dn are the distances of
closest approach corresponding to a c.m. angle θc.m., which
were obtained from the deflection function. The deflection
functions for the interaction of 19F with 66Zn were calculated
as a function of impact parameter ‘b’ using the following
equation:

	(b,E) = π − 2b

∫ +∞

rmin

dr
1

r2

[
1 − Ueff(b, r)

E

]−1/2

, (6)

where Ueff(b, r) is the interaction potential between the
colliding nuclei and is given as

Ueff(b, r) = Vc(r) + Vn(r) + b2E

r2
, (7)

The first term in Eq. (7) is the Coulomb potential which is
given by

Vc(r) = ZP ZT e2

2Rc

(
3 − r2

R2
c

)
; r � Rc,

= ZP ZT e2

r
; r > Rc, (8)

where Rc[= 1.2(A1/3
P + A

1/3
T )] is the sum of the radii of the

projectile and the target nuclei. The value of Rc used in these
calculations is different from that used in sum-rule model
calculations. The value of the second term Vn(r) is the real
part of the nuclear potential, which was obtained by fitting
the elastic scattering data of 19F + 66Zn at Elab = 61, 82, and
92 MeV using the optical model code SNOOPY 8Q [50],

TABLE I. Calculated and experimental α values for transfer channels corresponding to the emission of
PLFs with ZPLF = 5–8 in the reaction 19F + 66Zn at Elab = 61, 82, and 92 MeV. For a given ZPLF, calculated
values are given for the three transfer channels with positive or least negative Qgg values. Uncertainty quoted
on the experimental α values is due to the fitting error.

ZPLF Ejectile Qgg (MeV) αcalculated (fm−1) αexperimental (fm−1)

61 MeV 82 MeV 92 MeV

8 18O −2.73 0.60 0.45 ± 0.05 0.29 ± 0.04 0.15 ± 0.05
17O −2.49 1.10
16O 3.68 1.37

7 15N 0.08 1.00 0.40 ± 0.03 0.26 ± 0.02 0.16 ± 0.04
14N −3.34 1.78
13N −3.15 2.38

6 14C −5.51 1.79 0.27 ± 0.01 0.12 ± 0.01 0.08 ± 0.01
13C −5.28 2.07
12C 0.57 2.23

5 11B −6.84 2.05 0.23 ± 0.03 0.18 ± 0.01 0.09 ± 0.07
10B −10.27 2.64
9B −7.55 2.86
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TABLE II. Parameters of optical model potential obtained by
fitting elastic scattering data for 19F + 66Zn at Elab = 61, 82, and
92 MeV using the code SNOOPY 8Q [50].

Elab

(MeV)
V0

(MeV)
R0

(fm)
a0

(fm)
W

(MeV)
Ri,0

(fm)
ai,0

(fm)
σTotal

(mb)

61 40.10 1.08 0.559 24.45 1.21 0.449 1085
82 45.13 1.07 0.679 24.01 1.24 0.492 2415
92 41.77 1.09 0.787 27.40 1.18 0.665 3102

assuming the nuclear potential to be of Woods-Saxon form.
Elastic scattering data along with the fitted curves are shown in
Fig. 9. The parameters of the optical model potential obtained
from the fitting are given in Table II. Total reaction cross
sections are also given in this table. The last term in Eq. (7) is
the centrifugal potential. The deflection function was obtained
by integrating Eq. (6) after evaluating the Coulomb, nuclear,
and centrifugal potentials. The lower limit of the integral in
Eq. (6), rmin, outermost turning point of the collision trajectory,
was obtained by solving the following equation:

Vc(r) + Vn(r) + b2E

r2
min

= 0. (9)

Thus, Eq. (9) gives one to one correspondence between impact
parameter ‘b’ and rmin or the distance of closest approach. The
result of such a trajectory calculation for Elab = 82 MeV is
shown in Fig. 10. Dn and Dc values corresponding to a given
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FIG. 9. Elastic scattering data along with the fitted curves for
19F + 66Zn at Elab = 61, 82, and 92 MeV. Fitting was done using
optical model code SNOOPY 8Q [50].
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FIG. 10. Deflection function for 19F + 66Zn at Elab = 82 MeV.
Dn and Dc values corresponding to a single θc.m. are also shown in
the figure.

c.m. angle are also shown in this figure. The cross sections
σQE(Dn) and σQE(Dc) were calculated using the following
equation:

σ (b) = b

sin(θ )

∣∣∣∣db

dθ

∣∣∣∣ . (10)

Ptr(Dn) and Ptr(Dc) were calculated using Eq. (4). As the
calculated α values were much higher compared to the
experimental values, the lowest α value was taken for a given
transfer channel while calculating Ptr(Dn) and Ptr(Dc). For
D < D0, Ptr(D) was taken as Ptr(D0). As several l-waves
are involved in the incomplete fusion reaction leading to the
transfer of nucleons predominantly to the continuum states,
angular distributions of PLFs do not show any oscillations.
Therefore, Ptr(Dn) and Ptr(Dc) were added incoherently to
obtain Ptr(D), ignoring any effect due to the interference of
Coulomb and nuclear trajectories.

Calculated values of Ptr/sin(θc.m./2) for PLFs with ZPLF =
5–8 are compared with the experimental values for D > D0

in Fig. 11. Contributions from Coulomb and nuclear branches
are shown as dashed and dotted lines, respectively. Solid lines
represent the total transfer probability. The dotted line (nuclear
contribution) merges with the solid line, when the contribution
from Coulomb branch is small. It can be seen from this figure
that the calculated nuclear contribution in a given transfer
channel increases with increasing beam energy. However,
even after including the nuclear contribution, the calculated
transfer probabilities fall more rapidly with increasing ‘D’
compared to the experimental values. The comparatively
slow decrease in experimental values with increasing ‘D’
is a manifestation of larger yields of PLFs at forward angle
compared to that expected for peripheral collision, even after
considering nuclear contribution. This observation suggests
larger nuclear contribution in incomplete fusion reactions
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FIG. 11. Plot of transfer probability
‘Ptr/sin(θc.m./2)’ for transfer channels in-
volving the emission of projectile-like frag-
ments (PLFs) with ZPLF = 5–8 as a function
of distance of closest approach (D) for D >

D0 {=1.65(A1/3
P + A

1/3
T )}; AP and AT are

projectile and target mass numbers, respec-
tively. ‘—•—’ represents the experimental
data. Dashed and dotted lines are, respec-
tively, the calculated transfer contributions
from Coulomb and nuclear branches of
the classical deflection function. The solid
line represents the total transfer probability.
Dotted lines are merged with the solid
lines when the contribution from Coulomb
branch is small.

compared to that expected in peripheral collisions. Further,
it can be seen that the discrepancy between the calculated
and the experimental values increases with the increase in
the number of transferred nucleons suggesting an increase
in nuclear contribution. This observation suggests that the
formation of PLFs, particularly of heavier ones, involves
significant overlap of the projectile and the target nuclei. It
should be mentioned here that the calculations do not even
reproduce the experimental transfer probabilities for channels
involving only a few nucleon transfers. This may be due to the
fact that even the lowest beam energy in the present study is
significantly higher than the entrance channel Coulomb barrier,
resulting in a significant nuclear contribution.

For a qualitative comparison of the degree of overlap
of the projectile and the target nuclei in the formation of
PLFs with ZPLF = 5–8, α values are plotted as a function of
Ec.m./Vc in Fig. 12. The uncertainty quoted on the α value
is due to the fitting error. It can be seen from this figure
that α values for all the PLFs systematically decrease with

increasing beam energy indicating an increase in nuclear
contribution with increasing beam energy. An increase in
nuclear contribution with increase in the beam energy suggests
that the collision trajectories, involving a significant overlap
of the projectile and the target nuclei, start contributing to
incomplete fusion reactions at higher beam energies. Such
collision trajectories may lead to complete fusion at lower
beam energy. Further, at a given beam energy, the α value
decreases with increasing mass transfer indicating an increase
in nuclear contribution with increasing mass transfer. These
observations are consistent with the results of our earlier study
in the reaction 19F + 89Y [35]. α values obtained in the reaction
19F + 89Y [35] are also shown in Fig. 12 for comparison. It can
be seen from this figure that α values in the reaction 19F + 89Y
are systematically higher compared to those in the reaction
19F + 66Zn. This is due to the larger yields of PLFs at forward
angles in the reaction 19F + 66Zn compared to that in the
reaction 19F + 89Y. The larger yield of PLFs at forward angles
in the reaction 19F + 66Zn may be due to the lower entrance
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FIG. 12. Plot of slope parameter α for transfer channels involving
emission of projectile-like fragments (PLFs) with ZPLF = 5–8 in the
reactions 19F + 66Zn and 19F + 89Y.

channel Coulomb repulsion in the reaction 19F + 66Zn than in
the reaction 19F + 89Y.

IV. CONCLUSIONS

Cross sections of projectile-like fragments (PLFs) with
ZPLF = 3–8 have been measured at Elab = 61, 82, 92, and
109 MeV. From the angular distributions of PLFs, their
formation cross sections were deduced. Experimental cross
sections of PLFs were found to be significantly higher
compared to those calculated using the sum-rule model, and it
was observed that the discrepancy increased with decreasing
beam energy. The underestimation of cross sections of PLFs
by the sum-rule model is due to the strong preference for

complete fusion in this model for collision trajectories with
an angular momentum less than limiting angular momentum
for complete fusion (llim(CF)). However, the observation of
significant cross sections for incomplete fusion at lower beam
energies suggests that incomplete fusion starts competing
with complete fusion for l < llim(CF). In order to account
for this effect, calculation of the transmission coefficient in
the sum-rule model was modified. The modified sum-rule
model calculations reproduced the cross sections of PLFs in
the present studies.

It has been observed that the cross sections of lighter
PLFs decrease more rapidly with decreasing beam energy
compared to those of the heavier PLFs. This observation
was explained by assuming the formation of lighter PLFs
in collision trajectories involving a significant overlap of the
projectile and the target nuclei. Transfer probabilities for
peripheral collisions were estimated from the nuclear and
Coulomb branches of the deflection function. In order to
calculate the deflection functions at different beam energies,
elastic scattering measurements were carried out to deduce
the parameters of nuclear potential. Transfer probabilities
calculated assuming peripheral collisions were significantly
lower compared to the experimental values, indicating a
significant overlap of the projectile and the target nuclei in
the formation of PLFs, particularly of lighter PLFs.

Plots of ‘experimental transfer probability versus distance
of closest approach’ were fitted to deduce the slope parameter
α for different transfer channels. The α values obtained in
the present study were lower compared to those observed in
the reaction 19F + 89Y for the respective channels. This may
be due to the smaller entrance channel Coulomb repulsion
in the reaction 19F + 66Zn compared to that in the reaction
19F + 89Y, resulting in a lager yields of PLFs at forward angles
in the former reaction. The slope parameter ‘α’ was observed
to decrease with increasing beam energy indicating that the
overlap of the projectile and the target nuclei increases with
increasing beam energy for a given transfer channel. Further,
at a given beam energy, the α value was observed to decrease
with increasing mass transfer, indicating an increasing overlap
of the projectile and the target nuclei.
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